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Skoog 1962) basal media containing 2% w/v sucrose (MS2), solidified with 0.8% Noble agar and supplemented with varying concentrations of kinetin, 6-benzylaminopurine (BAP), zeatin or thidiazuron (TDZ). Two tissue types developed from the explants, identified as pale yellow, non-organogenic callus or compact, green nodular tissue (Fig. 1c, d ). Shoot regeneration was observed from 11 and 5% of the explants of TME 204 and TME 7, respectively over a period of 5-10 weeks on media containing BAP and zeatin, respectively (data not shown). In all cases, shoots regenerated from the compact, green nodular tissues. In an effort to improve the caulogenic response, the effect of mT was assessed on different explant types. Leaf lobe, leaf-petiole [whole immature leaf with 1.0-1.5 mm of the petiole attached ( Fig. 1a) ], petiole and stem internode explants were excised from in vitro grown TME 7 mother plants that had received a four-week pre-treatment on MS2 medium supplemented with 2 μM mT. Explants were placed on MS2 medium supplemented with 6 μM mT followed by subculture onto fresh medium of the same type every 3 weeks. Compact green nodular tissues were produced from all explant types with a significantly higher response observed from leaf lobes at 72% and leafpetioles at 56% (p < 0.05), compared to the stem internode and petiole explants. While all green nodular tissues produced non-regenerating foliose structures from their surface (Fig. 1) , only 2% of leaf lobe-derived explants subsequently underwent shoot organogenesis. In contrast, shoot regeneration frequencies of 22, 20, and 10% were achieved from leaf-petiole, stem internode and petiole explants, respectively (Table 1) .
The relatively high shoot regeneration potential of leafpetiole explants was utilized to investigate the effect of combining the potent auxin 2,4-dichlorophenoxyacetic acid (2,4-D) with mT. Leaf-petiole explants were excised from mother plants of cvs. TME 7 and TME 14 pre-treated with 2 μM mT for 4 weeks, and cultured on MS2 medium (Stage 1) supplemented with 1, 6 or 12 μM 2,4-D and 1 or 6 μM mT (Fig. 2) . After 7 days, the explants developed white to pale Fig. 1 De novo shoot organogenesis from leaf and cotyledon explants of cassava. a Leaf-petiole explants, b callus induction from the wound site of leaf-petiole explant on MS2 media supplemented with 1 μM 2,4D and 1 μM mT (Stage 1) after 7 days culture, c green nodular tissues formed on MS2 media supplemented with 6 μM mT (Stage 2) after 14 days culture, d green nodular tissues with foliose structures formed on Stage 2 media after 28 days culture, e green bud structures and shoot regeneration from leaf-petiole explant of TME 7 after 6 weeks culture using two-stage culture method, f shoot regeneration from leaf-petiole explant of cv. TME 14 after 5 weeks culture using two-stage culture method, g shoot regeneration from leafpetiole explant of cv. TMS 98/0002, h shoot regeneration from cv. 60444 from leaf-petiole explant after 5 weeks culture using two-stage culture method, i shoot regeneration from cotyledon explants of cv. TME 204, j proliferation of shoots on MS2 medium, k robust plants of cultivar TME 7 obtained regenerated leaf-petiole explants established under greenhouse conditions yellow colored callus at their wounded site (Fig. 1b) . When subcultured onto MS2 medium devoid of auxin and containing 6 μM mT (Stage 2), this callus became compact, turned green in color and developed nodular structures (Fig. 1c,d ).
A maximum of 70% of the explants formed green compact nodular tissues when cultured on a stage 1 medium containing 1 μM 2,4-D and 1 μM mT. Adventitious shoots were first seen regenerating from green compact nodular tissues 4 weeks after subculture onto the Stage 2 medium supplemented with 6 μM mT ( Fig. 1e-h ). A maximum regeneration frequency of 36%, with an average of two shoots per explant, was achieved when TME 7 leaf-petioles were cultured on Stage 1 media containing 1 μM 2,4-D and 1 μM mT, followed by transfer to 6 μM mT. TME 14 was less caulogenic than TME 7 under these conditions, with 17% of the explants undergoing de novo shoot regeneration (Fig. 2) . Plants regenerated through culture on mT were transferred to soil and established in the greenhouse following procedures described by Taylor et al. (2012) . Rooted plants established at a 100% survival rate were robust and showed no abnormal phenotypes compared to controls (Fig. 1k) .
Meta-topolin has been shown to promote in vitro shoot proliferation and improve quality of shoots in several plant species (Aremu et al. 2012) . Its use in cassava has here enabled the first report of reproducible induction of shoots through de novo organogenesis from somatic tissues such as the petiole and stem internode. In order to determine if the caulogenic effects of mT extended into a wider range of cassava cultivars, the 41 African, American and Asian cassava accessions were assessed for their response to culture on this cytokinin. Green nodular tissues were successfully induced from leaf-petiole explants of 25 additional cultivars after 3-4 weeks of culture on the two-stage method and shoots successfully regenerated from BRA 83, CR 142, GUA 86, MBRA 685, Mbundamali, M. Col 2436, Mercury, 60444, TME 7, TME 14, TME 204 and TMS 98/0002 (Fig. 1e-h ).
Effective use of cytokinins is essential for germination of somatic embryos in cassava (Guohua 1998; Mongomake et al. 2015; Taylor et al. 2012) , and for induction of shoot organogenesis from cotyledon explants (Li et al. 1998 ). The effect of mT on these processes was assessed and compared to the commonly used BAP (Mongomake et al. 2015; Raemakers et al. 1993) . Organized embryogenic structures (OES) were induced from TME 204 and TME 7 leaf lobe explants cultured on Driver and Kuniyuki Walnut/Juglans basal salts (Driver and Kuniyuki 1984) (DKW), supplemented with MS vitamins, 2% w/v sucrose, 50 μM picloram and solidified with 0.8% Noble agar (Chauhan et al. 2015) . After 4 weeks, small clumps of embryogenic tissue (3-4 mm in diameter) consisting of four to five OES units were subcultured onto MS2 media containing 2 μM mT and solidified with 0.22% gelzan. After 2-3 weeks, individual cotyledon stage embryos were separated and transferred to the same medium type to induce shoot germination. mT was found to stimulate recovery of greater numbers of mature cotyledon stage embryos and a higher frequency of plantlet germination than BAP (Table 2) . Plantlet germination frequencies of 85 and 43% were achieved from cotyledon stage somatic embryos of TME 7 and TME 204 respectively, that were higher than those reported previously (Mongomake et al. 2015; Raemakers et al. 1993) .
The potential of mT to induce organogenesis from somatic embryo derived cotyledon explants was also assessed. Cotyledon-stage embryos of cv. TME 204 were generated on MS2 medium containing 2 μM mT. The shoot organogenesis was induced using the two-stage 2,4-D/mT culture system developed for leaf-petiole explants (Fig. 3) . A shoot regeneration frequency of 66% was achieved when pale yellow, translucent cotyledon explants were pre-cultured for 7 days on MS2 media supplemented with 1 μM 2,4-D and 1 μM mT followed by transfer to medium containing 6 μM mT (Fig. 3) . The organogenic potential of explants obtained from the green mature cotyledon stage was significantly lower than the pale yellow cotyledon stage embryos, confirming observations reported by Li et al. (1998) . mT was found to stimulate shoot regeneration from cotyledon at Table 1 Effect of meta-topolin on shoot regeneration from explants of cassava cultivar TME 7
Explants were excised from in vitro shoot cultures preconditioned on MS based medium containing 2 μM mT for 4 weeks. Immature leaf lobes, leaf-petiole explants (whole leaf plus 1-1.5 mm petiole) and stem internodes were cultured on MS based medium containing 6 μM mT for 3 weeks followed by subculture on same media type. Data represents the average response ± SE. Ten explants were cultured per Petri dish and five Petri dishes established per explant type. Number of explants forming green nodular tissues and shoots were counted after 4 to 6 weeks of culture frequencies similar to or greater than those reported previously from this explant type (Guohua 1998; Li et al. 1998 ).
To date, totipotent systems in cassava have been dependent on the use of potent auxins, such as picloram and 2,4-D, to induce embryogenic tissues from which plants can be regenerated. Explant types capable of this response have been limited to axillary meristems and immature leaves (Chauhan et al. 2015; Taylor et al. 2012) . We report here that petioles, leaves and stem internode explants can be induced to undergo de novo caulogenesis when cultured on medium supplemented with the cytokinin mT. Use of low levels of 2,4-D increased the frequency of shoot regeneration (Fig. 2b) , but de novo Shoot organogenesis from leaf-petiole explants of cassava cv. TME 7 and TME 14 after 8 weeks culture. a Percent explants forming green nodular tissues when cultured on MS media supplemented with 2,4D and mT (Stage 1) for 7 days followed by transfer to MS media supplemented with 6 μM mT for 2-3 weeks, b percent explants forming shoots after 5-8 weeks after explanting, c average number of shoots formed per responding leaf-petiole explant after 8 weeks culture on MS2 media supplemented with 6 μM mT. Data represented as average response ± SE. The experiment was repeated three times for TME 7 and two times for TME 14. Means that do not share a letter for each of the cultivars are significantly different at 95% confidence using Turkey pairwise comparison caulogenesis could also be achieved by culture on mT alone. A total of 12 cultivars underwent shoot regeneration when exposed to mT, indicating its potential application across cassava cultivars from diverse origins. Its effectiveness was also shown for improving plant recovery from somatic embryos and inducing shoot organogenesis from cotyledon explants. The culture processes described have yet to be fully optimized, but it is considered that use of mT brings important new opportunities for development of simple and rapid plant regeneration systems in cassava with potential applications in genetic transformation and gene editing for this important staple crop. 
